The paper proposes the analysis, design and realisation of dual-output resonant LCLC converters with independent output regulation, employing a single power stage and combined PWM and frequency control. Asymmetric switching of the power devices is used to facilitate independent control of the outputs to provide +5V and +3.3V from a 15V-20V input supply over a range of load conditions.
Introduction
There is increasing interest in the provision of power supply technologies that provide multiple outputstypical growth areas being the telecommunications, computer and microprocessor industries where mobile phones, PDAs and handheld products typically require 3.3V, 5V, 12V and 15V supplies for various interfaces. Enabling technologies such as high frequency, high power switching devices and low cost digital control system has spawned significant interest on resonant converters as possible candidates for such DC-DC converters, delivering independently stabilized outputs. Analytical work on the behaviour of multi-output series resonant converters (SRC), has been presented in [1, 2] . However, only one of these outputs is normally regulated through feedback control, with the remainder being either unregulated or secondary-side post regulated. A key drawback of such strategies, however, is the cross regulation error on the unregulated output that is subjected to frequency regulation. The treatment in [3] suggests the implementation of a PWM control technique to minimise poor cross regulation problems, whilst [4, 5] propose that use of a centre-tapped transformer that is terminated through two output windings, and full wave rectification. A major disadvantage of the suggested configuration, however, is the high rectifier diode count that accompanies the full bridge rectification, and, once again, recourse to a single closedloop to regulate one output, is made. A schematic of a half-bridge LCLC-SPRC with two outputs is shown in Fig. 2 As discussed previously, the path of the current leaving the transformer secondary windings changes during the positive and negative half-cycles of the parallel capacitor voltage, due to the effect of the rectifiers allowing current to conduct only in single direction. During the positive half-cycle interval, D1 is forward biased and permits the rectifier current iR to supply the load RL1. During the negative half-cycle the top rectifier is reverse-biased and D2 supports power transfer to load RL2. As discussed, during interval t1 --t2 (see Fig. 2 
Consider the rectifier current, iR2, is zero during the positive half-cycle of the parallel capacitor voltage.
Equations (1) and (2) At the effective resonant frequency, coo under asymmetric square-wave input voltage excitation, the input voltage lags the first harmonic of the input current, A,8ipl < 0 when the duty cycle falls below 50%-see 
The condition for inductive switching can now be re-written as,8i, Iz{0.5 -D), which is obtained by increasing the switching frequency to give an increase in l, . However, this will induce higher circulating currents that increases conduction losses and contributes to thermal problems. Increasing the switching frequency also compromises the ability of the converter to deliver wide voltage differences between the high-and low-side outputs. The converter should therefore be ideally operated at the minimum switching frequency, above resonance, that can achieve ZVS. Table II, have demonstrated the dependence of the output voltages on both the duty-ratio and switching frequency.
The objective, for control purposes, is to force the converter outputs to the set points in the presence of line voltage and load disturbances. Fig. 8(a) A prototype converter (see Table III for parameters) is designed using the procedure given in [6] to provide regulated +5V and +3.3V outputs from a DC-link input voltage in range 15V to 20V. The realisation of the converter along with control circuitry, is shown in Fig. 9(a) . Investigations have been undertaken using an experimental setup that allows load changes within the range 3Q to 6Q, to be applied. 
